Abstract
on nearby intact plants of N. tangutorum. We found, for the first time, that higher nitrogen contents 48 in heterotrophic organs were significantly correlated with increased heterotrophic 13 C enrichment 49 compared to leaves. However, phosphorous contents had no effect on the enrichment. In addition, 50 new leaves had carbon isotope ratios similar to roots but were progressively depleted in 13 C as they 51 matured. We concluded that a nitrogen-mediated process, hypothesized to be the refixation of 52 respiratory CO 2 by phosphoenolpyruvate (PEP) carboxylase, was responsible for the differences in
INTRODUCTION

63
The natural abundance analysis of stable carbon isotopes in plants has become an essential tool for 64 studying plant-environmental interactions, plant metabolism, carbon allocation, and 65 biosphere-atmosphere exchanges of carbon fluxes (Dawson et al. 2002; Bowling et al. 2008;  66 Tcherkez et al. 2011; Cernusak et al. 2013) . Understanding processes and factors controlling carbon 67 isotope compositions in different plant organs, which are not homogenous (Leavitt and Long 1986), 68 is crucial to the successful applications of this tool (Hobbie and Werner 2004) . The primary 69 determinant of plant carbon isotope compositions is the photosynthetic discrimination against the 70 heavier carbon isotope 13 C. This primary discrimination process has been relatively well understood 71 and detailed theoretical models relating the discrimination to environmental forcing conditions and 72 leaf physiology and biochemistry have been developed (Farquhar et al. 1982; Farquhar and Cernusak 73 2012; Gu and Sun 2014) . However, other processes must also influence plant carbon isotope 74 compositions as heterotrophic plant organs (e.g., stems, roots, seeds and fruits) in C 3 plant species 75 have been found to be generally enriched in 13 C as compared to the autotrophic organ (leaves) that 4 leaves, and asynchronous growth of autotrophic vs. heterotrophic organs in contrasting 93 environmental conditions. Although the term post-photosynthetic discrimination or 94 post-carboxylation discrimination has been often used to refer the processes included in both groups, 95 some of the processes in Group II cannot be strictly considered as occurring post photosynthesis or 96 carboxylation. Nearly all processes outlined above have supporting as well as opposing evidences 97 from observational and experimental studies (Cernusak et al. 2009 ). Thus it remains a challenge to 98 identify cause(s) for the sixty-year old puzzle of heterotrophic 13 C enrichment. 99 It is important to overcome this challenge as many fundamental issues in a variety of scientific 100 disciplines ranging from plant physiology to global carbon cycle studies depend on a precise around its extensive shoot and root systems (Baas and Nield 2007; Lang et al. 2013; Li et al. 2013 the clay layer to a depth until no more roots could be found.
215
We separated the whole plant biomass into leaves, stems, in-sand roots and below-plain roots.
216
The in-sand roots, which were roots found inside the nebkha sands but above the plain formed by the 217 underlying clay layer, were further separated into in-sand fine roots (diameter ≤ 2mm) and in-sand 218 coarse roots (diameter > 2mm). The same root diameter threshold was used to separate the 219 below-plain roots, which were found inside the clay layer under the nebkha sands. Furthermore, the 220 below-plain fine and coarse roots were grouped in a 20cm depth increment from the plain surface.
221
We did not separate the in-sand fine and coarse roots into layers because a nebkha has a cone shape scale. The biomass carbon stocks were expressed relative to the base area of the nebkha which was 239 assumed to be an ellipse. The fraction of each component was also calculated.
240
Dried materials were randomly selected from each biomass category and ground to 80 mesh.
241
The resultant powder was separated into six duplicates. Three duplicates were analyzed for carbon 9 (C), nitrogen (N) and phosphorous (P) contents and the remaining three for isotope compositions.
243
The C, N and P contents were measured in the Environmental Chemistry Analysis Laboratory in the with an elemental analyzer (FlashEA 1112; HT Instruments, Inc., USA) in the continuous flow mode.
253
Isotope compositions were expressed using the delta notation (δ) in parts per thousand (‰): and heterotrophic organs analogous to that between reactants and products (Farquhar et al. 1989 

, C/N ratios, N/P ratios and C/P ratios were analyzed for differences between 295 organs and between study sites. Tukey post-hoc tests were used to determine pairwise differences 296 for significant effects (P < 0.05). Regression analyses were used to determine the relationship 297 between the heterotrophic 13 C enrichment and nutrient contents. There are considerable variations in nutrient contents among plant organs and between sites (Fig. 3) .
321
At both the Dengkou and Minqin sites, leaves appeared to have the lowest C (Fig. 3a) but highest N 322 ( Fig. 3b) and P (Fig. 3c) Consistent with the variations in C, N and P contents, there were also substantial variations in 337 the ratios of C/N (Fig. 4a ), N/P (Fig. 4b ) and C/P (Fig. 4c ) among plant organs and between sites. For 338 the live biomass (leaves, stems, and roots), the ratios of C/N ranged from about 11 to 30, N/P from 339 20 to 40 and C/P from 300 to 700. As expected, leaves had the lowest C/N and C/P ratios at both 340 sites. Leaves also had the lowest N/P ratios except for stems. Overall, the Dengkou site had lower 341 ratios of C/N and C/P but higher ratios of N/P than the Minqin site, particularly for roots below the 342 plain.
344
Relationships between 13 C enrichment and nutrient contents 345 The observed large variations in 13 C enrichment and nutrient contents among heterotrophic organs 346 and between study sites give us an opportunity to examine whether 13 C enrichment in heterotrophic 347 organs relative to leaves could be affected by their nutrient contents. We found that across the two 348 study sites and across the heterotrophic organs, organ C 13  was significantly correlated with the N 349 content (Fig. 5b) , the C/N ratio (Fig. 5d) , and the N/P ratio ( (Fig. 5c ), or C/P ratio ( Fig. 5f) Fig. S1 to Fig. 5 progressed. Meanwhile, the C i /C a ratio increased from the early to late growing season (Fig. 6b) .
368
Thus the relationship between the seasonal patterns in leaf δ 13 C and C i /C a ratios is consistent with the 369 prediction by the leaf photosynthetic carbon isotope discrimination models (Farquhar et al. 1982; 370 Farquhar and Cernusak 2012; Gu and Sun 2014). However, the differences in leaf δ 13 C between the 371 two sites cannot be entirely explained by the differences in the C i /C a ratios. In all months examined, 372 the C i /C a ratios at the Dengkou site were consistently higher than at the Minqin site. It is important to clarify that our suggestion that the process responsible for the positive 458 heterotrophic N -13 C enrichment relationship resides in heterotrophic organs does not imply that the 459 cause(s) for heterotrophic enrichment of 13 C relative to leaves resides entirely in heterotrophic organs.
460
In fact, to explain the full magnitude of the observed heterotrophic enrichment (2‰), about 35% 461 (100 × 2/5.7) of the carbon of heterotrophic organs has to have cycled through PEP carboxylase once, 462 which appears to be surprisingly large for C 3 plants (Hobbie et al. 2003) . Also, our finding that the The lack of a clear relationship between P content and heterotrophic 13 C enrichment ( Fig. 5c and   508 Fig . S1c ) is interesting. In plants, proteins, which are rich in N, must be maintained with an 509 allocation of a certain fraction of total body P to ribosomal ribonucleic acid (rRNA) (Niklas et al. 510 2005; Elser et al. 2010) . Thus the N and P contents are generally positively correlated and the 511 measurements from Minqin and Dengkou are no exception (Fig. S2 ). So why is there is a clear 512 dependence of heterotrophic 13 C enrichment on N but not on P? It could be that the relationship of 513 heterotrophic 13 C enrichment with P is considerably weaker than that with N and our data were not 514 sensitive enough to detect it.
515
The relationship of heterotrophic 13 C enrichment with the N/P ratio ( Fig. 5e and S1e) is broadly 516 similar to that with N ( Fig. 5b and S1b), suggesting that the relationship of heterotrophic 13 C 517 enrichment with the N/P ratio is largely due to the effect of N rather than to the ratio itself. However, 518 some level of direct dependence of the enrichment on the N/P ratio cannot be ruled out. Niklas et al. 519 (2005) and Elser et al. (2010) integrated biological stoichiometry and metabolic scaling theories, 520 which led them to suggest that growth rates and plant sizes should be related to N/P ratios. These 521 authors' analyses focused on individual plants while our study is on plant organs. However, if the 522 N/P ratio affects fractionating metabolic processes of plant organs, it is conceivable that the N/P ratio 523 can also affect the 13 C enrichment (or depletion) of this organ relative to leaves. Figure S2 
